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FRPSRXQGV DV HIILFLHQW 3VRXUFH ZH GHPRQVWUDWHG WKDW WKH
PHWK\OGHULYDWLYH RI 55 5   0H DFWV DV D UHPDUNDEO\
HIILFLHQW3EXLOGLQJEORFNLQ3±3ERQGIRUPLQJUHDFWLRQV>@7KXV
WKH UHDFWLRQ RI 0H0H ZLWK &\3+ 6FKHPH  JLYHV DFFHVV WR
WULSKRVSKDQH,DQGLVRWHWUDSKRVSKDQH,,GHSHQGLQJRQWKH
DSSOLHGVWRLFKLRPHWULHV>@:HDOVRUHSRUWHGWKHUHDFWLRQRI0H0H
ZLWK ELVSKHQ\OSKRVSKLQRHWKDQH ZKLFK \LHOGV
KH[DSKRVSKDQHDQGELVSKHQ\OS\UD]RO\OSKRVSKLQRHWKDQH
LQ DQ XQH[SHFWHG 3±13±3 ERQG PHWDWKHVLV UHDFWLRQ ,,,>@
7KRVHYHUVDWLOHUHDFWLYLWLHVDUHDWWULEXWHGWRWKHODELOH3±1ERQGV
RIWKHS\UD]RO\OVXEVLWXWHGSKRVSKDQHV7KXVZHHQYLVLRQHGWKDW
GHULYDWLYHV55 VKRXOG EH VXLWDEOH SKRVSKRUXV SUHFXUVRUV IRU
WKHV\QWKHVLVRIKLJKTXDOLW\,Q34'V,9+HUHLQZHUHSRUWRQ
WKH IDFLOH DFFHVV WR D YDULHW\ RI WULS\UD]RO\OSKRVSKDQHV55
ZKLFKDUHVXLWDEOHIRUWKHJHQHUDWLRQRIDORQJWHUPVWDEOHVWRFN
VROXWLRQ RI 32/$ ! PRQWKV DQG WKHLU DSSOLFDWLRQ IRU WKH
V\QWKHVLVRIKLJKTXDOLW\,Q34'V
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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55ZLWK3&OLVEHVWSHUIRUPHGXQGHUVROYHQWIUHHFRQGLWLRQV
DQG DQDO\WLFDOO\ SXUH SURGXFWV DUH FRQYHQLHQWO\ REWDLQHG DIWHU
UHPRYDORIDOOYRODWLOHVXQGHUYDFXXP'URSZLVHDGGLWLRQRI3&O
WRDFRROHGVROXWLRQRIVRGLXPS\UD]RODWHV55LQ7+)DIIRUGV
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6FKHPH6,6FKHPH61RUHDFWLRQLVREVHUYHGLQWKHFDVH
RIW%XW%X 7DEOHHQWU\6,)LJXUH6HYHQDIWHUSURORQJHG
KHDWLQJ:HDWWULEXWHWKLVREVHUYDWLRQWRWKHVWHULFGHPDQGRIWKH
W%X VXEVWLWXHQWV $ VXEVWDQWLDO LPSURYHPHQW FRPSDUHG WR WKH
V\QWKHVLVZLWKLVWKHGUDVWLFDOO\UHGXFHGWR[LFLW\RIWKHVWDUWLQJ
PDWHULDODQGWKDWPRVWRIWKHOLEHUDWHGS\UD]ROHVFDQEHUHF\FOHG
DQGUHXVHGIRUWKHV\QWKHVLVRI557KLVFRQWULEXWHVSRVLWLYHO\
WRZDUGVDGHVLUDEOHZDVWHPDQDJHPHQW7KHSUHYHQWLRQRIKLJK
DPRXQWV RI JDVHRXV FRUURVLYH DQG IODPPDEOH GLPHWK\ODPLQH
UHGXFHVWKHKD]DUGRXVDQGHQYLURQPHQWDOULVNVGUDVWLFDOO\DVZHOO
)RUGHULYDWLYHV&) DQG&) WKH UHFRYHU\RIWKHFRUUHVSRQGLQJ
S\UD]ROHVLVSUREOHPDWLFVLQFHWKHLULQFUHDVHGDFLGLW\OHDGVWRDQ
DGGXFW IRUPDWLRQ ZLWK WKH VROYHQW 2/$+ 6, )LJXUH 6>@
+RZHYHU WKH UHGR[UHDFWLRQ RI  ZLWK ,Q&O \LHOGV WKUHH
HTXLYDOHQWVRIWKHSKRVSKRQLXPVDOW>&O@DQG,Q3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
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6FKHPH3URSRVHGUHDFWLRQSDWKZD\IRUWKHV\QWKHVLVRI,Q34'VDSSO\LQJ
WULS\UD]RO\OSKRVSKDQHV555 &+,&YDFXXP,,551(W
706&O(W257551D+7+)57
7HVVLHUHW DO>@ DQG%XIIDUGHW DO>@ SURSRVH GLIIHUHQW UHDFWLRQ
SDWKZD\VEXWERWKSRLQWRXWWKDWLVWKHUHDFWLYHVSHFLHVIRUWKH
IRUPDWLRQ RI ,Q3 4'V $FFRUGLQJ WR RXU LQYHVWLJDWLRQV WKH
GLVVROXWLRQRI0H0HXQGHUUHGXFHGSUHVVXUH\LHOGVDUHPDUNDEO\
VWDEOHVROXWLRQRI7KHIRUPHGE\SURGXFWGLPHWK\OS\UD]ROH
LVFRQYHQLHQWO\DQGFRPSOHWHO\UHPRYHGYLDVXEOLPDWLRQDQGFDQ
EHUHFRYHUHGLQKLJK\LHOGV!7KHREWDLQHGFOHDUFRORUOHVV
VROXWLRQ LV VWDEOH IRU VHYHUDOPRQWKV !PRQWKVZKHQ VWRUHG
XQGHU LQHUW DWPRVSKHUH 7KXV LW UHSUHVHQWV D KDQG\ VWRFN
VROXWLRQZKLFKRQO\FRQWDLQVPLQRUDPRXQWVRIWKHWDXWRPHU
DQGWKHDPLQREULGJHGGLSKRVSKDQH)LJXUH

)LJXUH3105VSHFWUDRIWKH32/$VWRFNVROXWLRQDIWHUGD\ZHHNV
DQGPRQWKVVKRZLQJWKHORQJWHUPVWDELOLW\RIWKHVWRFNVROXWLRQ
 
 
 
 
Similarly to 4, 5Me,Me can also be applied for the in situ synthesis 
of InP QDs. For the hot injection technique we can now either 
rapidly inject a hot solution of phosphane 5Me,Me in OLAH under 
static vacuum (synthetic route 1, SR1) or inject the previously 
prepared 0.5 mmol stock solution of aminophosphane P(OLA)3 in 
OLAH (synthetic route 2, SR2).[17] Both methods have been 
performed in our labs and are compared in the following 
discussion. We found, that the application of the P(OLA)3 stock 
solution (SR2) contributes more positively to the development of 
a well defined LaMer-type growth for InP QDs, approaching more 
conveniently the narrow FWHM of the established II-VI and IV-VI 
semiconductor QDs. The growth of the QDs can be evidenced for 
both cases by the red-shift in the absorption spectra and the color 
change of the QD solutions (Figure 2A). As can be seen from the 
absorption spectra in Figure 2A the characteristic excitonic 
feature of the InP QDs at ~450 nm starts to develop after 10 min 
using static vacuum for the removal of the pyrazole (SR1). The 
growth of the QDs slows down after 60 min reaching a maximum 
at ~560 nm, which exhibits generally the complete consumption 
of the phosphorus precursor. However, monitoring the reaction by 
31P-NMR spectroscopy reveals that after 90 min reaction time 
there is still compound 11 present (Figure 2B), possibly implying 
an interfering effect of the released pyrazole. In contrast, applying 
the prior synthesized stock solution (SR2), the reaction proceeds 
remarkably clean (Figure 2D), indicating a better separation of 
nucleation and growth and, therefore, a more LaMer-type 
reaction.[18] The results for the first absorption peak maximum 
(Figure 2C) are comparable with prior publications using 
P(NMe2)3,[10b, 11-12] but show slower reaction kinetics. The resulting 
InP QDs are not luminescent as already observed for the 
synthesis using P(NMe2)3 as P1-source. However, in order to get 
highly fluorescent QDs a passivating ZnS shell can be grown on 
the core QDs. To guarantee a successful ZnS overcoating of the 
InP cores and to exhibit a high stability and performance an 
excess of zinc chloride, elevated temperatures (260°C) and a long 
shelling time (4 h) were chosen.[17] Due to an undesired side 
reaction with the couple product [P(OLA)4]Cl (12), 1-
Dodecanethiol (DDT) is used in excess, as sulfur source. Detailed 
31P-NMR investigations revealed that DDT reacts with the 
phosphonium salt 12 to thiophosphorictrioleylamine 14 under the 
harsh reaction conditions (Figure 2D, (III) and SI, Figure S3).[17] 
After successful ZnS shelling highly emitting QDs displaying a 
green to red emission are obtained. As can be seen from Figure 
3 the emission wavelength can be tuned between ~535–620 nm 
with a FWHM of 66–81nm. The corresponding absorption spectra 
of the InP/ZnS QDs are given in Figure S5[17] showing an increase 
of the optical density at ~400 nm resulting from the ZnS shell. 
Absolute PL QYs of the core/shell QDs are reaching 51–62%. In 
comparison, applying P(Pyr)3 in situ (SR1) results also in the 
formation of non-fluorescing InP QDs which, after passivation with 
ZnS and development of a type-I band alignment, gain PL QYs 
ranging between 33–58% covering the same spectral range 
(530–620 nm, SI, Figure S6).[17] The broader variation in PL QYs 
and FWHMs (59–90 nm) may be explained by the lower reaction 
rates causing formation of a larger number of trap states. The 
results for both synthetic techniques are summarized in Table 
S1.[17] The successful growth of the ZnS shell was evidenced by 
transmission electron microscopy (TEM). In Figure 3 
representative bright-field TEM images of the pure InP cores (A) 
and the resulting InP/ZnS core/shell QDs (B-C) are displayed. 
According to TEM, the average size of the pure InP QDs is 
between ~3.2 nm (15 min growth time) and ~6.5 nm (60 min 
growth time). As a result of ZnS shelling the spherical InP QDs 
(Figure 3A) obtain a tetrahedral shape (Figures 3B–C). HRTEM 
measurements of the InP/ZnS QDs show continuous lattice  
 
 
 
 
Figure 2. Temporal evolution of the absorption spectra of the InP QDs using 
SR1 (A) or SR2 (C). Inset B shows the stacked 31P-NMR spectra after 30, 60, 
and 90 min reaction time applying SR1. Inset D shows the stacked 31P-NMR 
spectra following SR2: stock solution (I), after 15 min reaction time (II), after 
shelling with DDT (III). 14 occurs from a side reaction of DDT with 12. 
fringes throughout the whole nanoparticle which indicates a high 
crystallinity of the final core/shell material. The measured lattice-
fringe distance of 0.32 nm corresponds well with the (111) lattice 
plane of the ZnS zinc blende structure (JCPDS # 5-566). The 
comparison of the X-ray diffraction (XRD) patterns of the InP and 
the InP/ZnS QDs exhibits also the successful ZnS shelling of the 
InP cores (Figure 4, left). In particular, the XRD pattern of the InP 
QDs depicts the 111, 220, and 311 Bragg reflections of the cubic 
zinc blende structure. After shelling Bragg reflexes of the thick 
ZnS coating superimpose the diffraction maxima of the InP cores 
(Figure 4, left). Hence, only the most prominent 111 reflex of the 
InP/ZnS QDs shows a shoulder at lower diffraction angles to the 
peak maximum (enlargement in SI, Figure S7).[17] The additional 
shift of the InP 111 reflex to higher 2 theta values might result from 
the incorporation of zinc into the InP lattice leading to an 
intermixed In(Zn)P core structure. Previous reports already 
mentioned that during the growth of InP QDs zinc can be 
implemented into the QD lattice.[19] ICP-OES measurements of 
our InP QDs revealed an element composition of In : P : Zn = 
0.47 : 0.46 : 0.07 indicating no major assembly of zinc before 
shelling. Nevertheless, an alloyed In(Zn)P QD core allows better 
lattice engineering for the subsequent strain-free, epitaxial shell 
growth as demonstrated for ZnSezSz-1.[19b] 
Figure 3. PL spectra of InP/ZnS QDs synthesized via SR2 (left) and TEM bright-
field-images of (A) InP and (B–C) InP/ZnS QDs. 
Figure 4. XRD of InP and InP/ZnS QDs (left); HAADF-STEM i of the 
synthesized InP/ZnS QDs and the corresponding EDX data for the distribution 
of In, Zn, P, and S (right). 
In particular, the implemented zinc reduces the lattice mismatch 
resulting in higher PL QYs of the final core/shell structure. Figure 
4, right shows a high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) image of the 
resulting InP/ZnS QDs. From the corresponding EDXS (energy-
dispersive X-ray spectroscopy) data, obtained for the rectangular 
region marked in the HAADF-STEM image, successful ZnS 
shelling is evidenced. It is, however; not possible to observe 
separated InP cores. Rather indium and zinc seem to be 
distributed over the whole inner QD core. Besides true intermixing 
of both elements, as discussed above, 2-dimensional data 
recording in the TEM from the 3-dimensional tetrahedrally shaped 
QDs leads to simultaneous acquisition of In and P from the core 
region as well as of Zn and S from the corresponding shell volume 
in front and behind the core. Furthermore it should be mentioned 
that next to phosphorus rich regions high amounts of indium and 
zinc are observed. Due to the high reaction temperature (260°C), 
interdiffusion and partial ion exchange of In3+ and Zn2+ during ZnS 
shelling is resulting in an alloyed interface layer between the 
In(Zn)P core and the pure ZnS shell. This is in agreement with 
published XPS (X-ray photoelectron spectroscopy) data following 
a two-step approach for the synthesis of InP/ZnS QDs.[20] 
Figure 5. PL spectra of the manufactured white LED (top left) with the 
corresponding CIE 1931 plot (top right); LED under ambient conditions (bottom 
left) and in operation (bottom right). 
Additional XAS (X-ray absorption spectroscopy) measurements 
by Cho et al.[21] revealed that the In–Zn bond becomes more 
pronounced with increasing ZnS shelling time. This was attributed 
to additional bonding between the slow growing InP/ZnS 
core/shell interface.  
Due to the lower toxicity in comparison to commonly used Cd-
based materials, highly emitting InP/ZnS QDs are very attractive 
for solid state lighting applications.[4b, 22] As suitable demonstrator 
we produced a proof-of-concept white LED and mounted it into a 
conventional pocket torch (SI, Figure S8).[17]According to a 
previous publication we incorporated the resulting green- and 
orange-emitting InP/ZnS QDs into a protective KCl salt matrix.[23] 
Pressing the NC-loaded salt under cold flow conditions at 2.2 GPa 
results in composite materials which can be used as color 
conversion layers when stacked on top of a commercially 
available blue-emitting LED (Figure 5, bottom). The 
 
 
 
 
corresponding PL spectrum and CIE diagram (x = 0.337, y = 
0.333) of the white LED are shown in Figure 5 (top).    
In summary, with the advantageous synthesis of a library of novel 
tri(pyrazolyl)phosphanes 5R1,R2, we introduced versatile P1-
building blocks for the direct synthesis of InP core QDs. Most 
importantly the combination of a convenient access to a long-term 
stable P(OLA)3 stock solution (> 6 month) with a high-yield 
recovery of the pyrazole (> 90 %) provides an auspicious new 
approach for the synthesis of InP QDs. A possible extension to 
other phosphide-based QDs such as AlP, GaP, Zn3P2 or Cd3P2 is 
currently addressed. After shelling the resulting InP/ZnS 
core/shell QDs are covering a broad spectral range from 530–620 
nm showing high PL QYs up to 60%. Applying the highly emitting 
InP/ZnS QDs as color conversion layers, we manufactured a 
proof-of-concept white LED pocket torch showing the applicability 
and processibility of the core/shell QDs. The innovative access to 
a storable P(OLA)3 stock solution is given and leads to the 
development of a defined LaMer-type growth for InP QDs. 
Moreover, an extension to As(Pyr)3 is of great interest and will be 
in the focus of our forthcoming paper. 
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